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ABSTRACT

BICEP3 is a 520 mm aperture on-axis refracting telescope at the South Pole, which observes the polarization
of the cosmic microwave background (CMB) at 95 GHz to search for the B-mode signal from inflationary
gravitational waves. In addition to this main target, we have developed a low-elevation observation strategy to
extend coverage of the Southern sky at the South Pole, where BICEP3 can quickly achieve degree-scale E-mode
measurements over a large area. An interesting E-mode measurement is probing a potential polarization anomaly
around the CMB Cold Spot. During the austral summer seasons of 2018-19 and 2019-20, BICEP3 observed the
sky with a flat mirror to redirect the beams to various low elevation ranges. The preliminary data analysis shows
degree-scale E-modes measured with high signal-to-noise ratio.

Keywords: Cosmic Microwave Background, Inflation, Gravitational Waves, Polarization, BICEP3, Cold Spot

1. INTRODUCTION

The cosmic microwave background (CMB) is weakly linearly polarized by Thomson scattering at the last scat-
tering surface (LSS). The linear polarization can be decomposed to curl-free E-modes and divergence-free B-
modes."? Stochastic density perturbations produce E-modes and the anisotropy of the E-mode fluctuations
have been measured at various angular scales: from the first detection on a small sky patch by DASI at degree-
angular scales>* and from the full sky survey by Planck.? Classes of inflationary theories predict stochastic
gravitational wave background from tensor perturbations of the spacetime metric and imprints B-modes as well
as E-modes on the CMB. Detection of B-modes from the CMB is a strong validation of the inflation paradigm.
The power spectrum of the inflationary B-mode CMB polarization is expected to peak around degree angular
scales. The amplitude of the power spectrum is related to the energy scale of the inflation and characterized by
the ratio of the amplitude of the tensor perturbation to that of the scalar perturbation, called tensor-to-scalar
ratio 7.5

The faint inflationary B-mode signal can be confused with Galactic foregrounds such as synchrotron radiation
and polarized dust emission. Furthermore, the brighter CMB E-modes can be leaked into B-modes via gravita-
tional lensing by mass distributions throughout the line of the sight to the LSS. The BICEP /Keck Array series of
telescopes have been observing the CMB polarization with receivers at multiple frequencies to separate the CMB
components from Galactic foregrounds which exhibit different spectral dependencies from the CMB. Continued
efforts are being made in both detector count and frequency coverage with the development and deployment of
the BICEP Array.”

BICEP3 is a third-generation telescope on the BICEP mount in the Dark Sector Lab (DSL) at the South
Pole. It was designed to obtain deep polarization map at 95 GHz on a small patch of the sky in the Southern
hemisphere where Galactic dust emission is relatively weak.® BICEP3 was deployed in the austral summer of
2014-15 (hereafter, we refer all seasons as austral seasons). After a winter engineering season in 2015, BICEP3
has been accumulating science data since the 2016 winter season.? In 2017, BICEP3 underwent improvements
including the replacement of infrared filters and underperforming detector modules, allowing it to achieve an
on-sky instantaneous sensitivity of 6.7 uKemp+/s.1? It has kept the same observing configuration ever since. The
inclusion of accumulated BICEP3 data at 95 GHz along with data from other receivers in the BICEP /Keck
series at other frequencies on the same sky patch is expected to improve the constraints on r by a factor of two
compared to the previously published result of o(r) = 0.020 from the data accumulated to 2015 season.” !

As BICEP3 continues to collect polarization data in our main observing patch, we also explored opportunities
for BICEP3 to leverage its fast degree-angular scale polarization mapping speed. BICEP3 can measure degree-
scale E-modes with high signal-to-noise ratio in a wide patch of sky available from the Southern hemisphere.
An extended sky coverage can be useful to understand non-isotropic non-Gaussian polarized foregrounds and to
study other large scale E-mode science cases.

While the statistics of temperature and E-mode anisotropies from Planck data has enabled precision mea-
surements of the standard ACDM cosmological parameters,'? anomalies in the CMB which deviate from the
random Gaussian fluctuations predicted by the standard cosmology are interesting subjects to study. A partic-
ularly interesting anomaly visible to BICEP3 with an extended coverage observation strategy is the CMB Cold
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Spot, which was first detected in the WMAP temperature map.'® The Cold Spot contributes to the anomalous
statistics of Spherical Mexican Hat Wavelet (SMHW) coefficients of the temperature map at the angular scales
of around 250 arcminutes. A conservative estimate of the probability of finding such a feature in Gaussian
simulations after taking the effect of a posteriori selection into account is 1.85%,'* and the Cold Spot was again
identified in the Planck temperature map.'®

A comprehensive review on the Cold Spot including its possible explanations is provided by Ref. 16. Aside
from random statistical fluke from Gaussian fluctuations, plausible explanations include a cooling of the CMB
photons through the Sachs-Wolfe (SW) effect from evolving gravitational potentials sourced by a collapsing
texture at high redshift,!” or a supervoid at low redshift.'® A template fitting to the effect of texture showed
compatibility with a collapsing texture at z ~ 6.1 A galaxy survey along the line of sight to the Cold Spot
identifies voids at z < 0.5, but the estimated integrated SW effect fell short of the observed temperature drop
at the Cold Spot.2°

A follow-up polarization observation around the Cold Spot can help distinguish the texture hypothesis from
random Gaussian fluctuation of the CMB, because the cooling of CMB photons by evolving gravitational po-
tentials would not associate with CMB polarization, and observed E-modes around the Cold Spot would be less
likely to be consistent with the ACDM CMB TE correlation. Ref. 21 developed a method to use polarization
observation around the Cold Spot to distinguish these hypotheses. They require polarization sensitivity of 0.3
uK deg within a 20° radius around the Cold Spot to achieve the significance level of 1.5% at the power of the
test of 0.5, with the most discriminating power coming from a 7° radius.

Plank has provided exquisite precision cosmology from full sky statistics of both temperature and E-mode
anisotropies. However, in a small patch of the sky, the signal-to-noise in polarization is small, e.g. polarization
sensitivity of 1.96 uKemp deg at 100 GHz.> An examination of Planck polarization data around the Cold Spot
was not conclusive to test polarization anomaly due to limited polarzation sensitivity.?? In its regular observing
patch, BICEP3 can quickly reach the map depth deeper than the Planck polarization map, thus motivating
observations around the Cold Spot for an initial BICEP3 extended observing campaign.

In this proceeding, we present the performance of BICEP3 at low elevation ranges to demonstrate the extent
of potential sky coverage at the South Pole. These measurements were conducted during the summer seasons
of 2018-19 and 2019-20, outside the regular observing season. Section 2 gives an instrument overview that is
relevant to the configuration of the low elevation observation. Section 3 presents the observing strategy around
the location of the Cold Spot. Section 4 presents the performance of BICEP3 in this observation mode. The
preliminary polarization maps and angular power spectra are shown.

2. INSTRUMENT OVERVIEW

BICEPS3 is a 520 mm aperture on-axis refracting telescope with its focal plane populated with about 2500
transition edge sensor (TES) bolometers coupled with polarization sensitive antenna arrays.?® A detailed BICEP3
instrument overview can be found in Ref. 24. The antenna arrays collect incoming photon energy and transmit
it to thermal islands through microstrips. The transmitted radiation energy deposits heat to the island and
dissipates to the bolometers and then out of the island through thin legs to the thermal bath. To keep the TES
bolometers at the negative electro-thermal feedback stage during observation, we determine the optimum TES
bias points using typical observation loading conditions. The current detector design chose thermal conductance
of the legs of the bolometer islands to have a safety factor of 2.5 for expected in-band on-sky loading per detector.
The atmosphere is estimated to have about 10 times more power than the CMB at BICEP3’s 95 GHz observing
band across the elevation ranges of the regular CMB field at the South Pole.?’ The airmass along the line of
sight becomes thicker as we point to lower elevation, closely modeled by a cosecant of the observing elevation. As
Figure 1 shows, the change in airmass is much steeper below 45° elevation for this observing campaign compared
to the elevation range for regular CMB observation. At the same boresight elevation, changing the boresight
orientation can bring a detector at a low elevation to a high elevation. Instead of applying the same TES bias
points for all boresight orientations, we tune the biases for each boresight orientation. Even with this retuning,
detectors at the lowest elevations are still saturated over the safety margin chosen for regular CMB schedules
due to atmospheric loading. We tested detector response at various elevation ranges and find the lower limit of
observing elevation with the current detectors (see Figure 5).
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Figure 1: The air mass model as csc(EL) is shown in blue. The elevation ranges for the presented low elevation
schedules and the regular CMB schedules are marked with green and red vertical lines, respectively.

The bolometers are cooled to 250 mK by a three-stage helium sorption fridge*. The focal plane unit (FPU)
is housed on the sub-Kelvin structure inside the 4K stage. The optics tube is cryogenically cooled in vacuum
to 50K and 4K stages by a PT415 Pulsetube cryocooler! through oxygen-free high-conductivity (OFHC) copper
heat straps. The pulsetube coldhead is attached to the outermost vacuum shell. The cooling performance of the
coldhead depends on the orientation with respect to gravity. Since the performance degrades quickly beyond
45° away from the vertical, we do not tilt the receiver lower than 48° elevation.?* The upper limit of elevation
is set by the range of the sector wheel friction drive. Therefore, the elevation axis of the mount is limited to
48° < el < 110°. The elevation axis of the mount is the elevation axis of the boresight. The corresponding
elevation limits of the observing field is defined by the 28° field of view of BICEP3. At the low elevation limit,
the observing field does not go below 34° elevation.

In order to reach low elevation ranges where the mount cannot directly point, we use a large flat aluminum
mirror to redirect the beams. The mirror has been used for far field beam calibrations?® and absolute polarization
response angle measurements.?” Designed to point sources mounted on the neighboring building, the BICEP3
mirror redirects all detector beams by nearly 90°. When the mount is pointed at zenith, the telescope boresight
points near the horizon. With the attachment of the heavy mirror, we further limit the mount range of motion,
keeping the boresight at less than 34° in elevation. Due to the large field of view of BICEP3, the detectors
cover enough elevation ranges for some of them to have overlap with regular CMB observing elevation. Figure
1 includes the vertical lines which mark the elevation ranges for the presented low elevation observing schedules
and the regular CMB schedules. Figure 2 shows BICEP3 with the flat mirror on. We note that the forebaffle
could not fit with the mirror simultaneously. A design with proper baffling will improve data quality of sky
observation with fewer effects from spurious scattering.

3. OBSERVING STRATEGY

The observing configuration requires station personnel to install and uninstall the flat mirror. To conserve our
regular winter CMB observation, we conducted this observing campaign during the summer seasons of 2018-19

*Chase Research Cryogenics Ltd., Sheeld, S10 5DL, UK (www.chasecryogenics.com)
fCryomech Inc., Syracuse, NY 13211, USA (www.cryomech.com)
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source mounted on the neighboring building for the far field beam calibration. For observation of on-sky sources,
the ground shield is leveled.

and 2019-20. Both campaigns fell within the 2019 calendar year, so we will refer them to early 2019 and late
2019 observations.

The CMB Cold Spot is centered at the Galactic coordinates (I,b) = (210°,—57°) which in equatorial coor-
dinates is (RA, Dec) = (48.77°,—19.58°). At the South Pole, the Cold Spot sits around 20° elevation. When
we point boresight elevation too low, many detectors will be intercepted by the ground shield and other ground
features. Detectors clearing the ground features may still get saturated due to thick atmosphere at low elevation.
We have tested multiple elevation ranges. Figure 3 shows the boundary of the coverage from a set of observing
schedules. The contours are plotted over the Planck 100 GHz temperature map? convolved with the BICEP3
beam. The magenta cross marks the center of the Cold Spot, with concentric circles of 7° and 20° radii. Since
the observing patch is near the ecliptic, we need to consider the position of the Sun and the Moon. The path
of the Sun is marked with a label every six days. The Sun approaches the patch during the late summer and
can affect the data taken around that time. The Moon was far away during the observation. The bottom-right
corner of the coverage has a small overlap with the regular CMB patch.

Figure 4 shows the observing pattern of a typical three-day schedule in ground-based coordinates. We adopt
the same strategy as the regular CMB observing schedules.!’ The fundamental unit is a ‘scanset’ which consists
of 50 back-and-forth scans at a fixed elevation at a speed of 2.8°/s in a fixed azimuth range. At the start and end
of each scanset are bracketing elevation nods to calibrate relative detector gains in airmass units. Each scanset
takes about 50 minutes to complete, and the usable observing time excluding turnarounds and calibrations
is around 33 minutes. Every other scansets, we move boresight elevation and adjust the observing azimuth
center to follow drifting sky. Six or ten scansets are grouped as phases to which the deprojection technique for
beam systematic mitigation is applied.2® All phases observe the same patch instead of reserving one phase for
the Galactic plane, as is done in regular CMB observing. We change boresight orientation for each three-day
schedule to map polarization. The low observing schedules may be affected by ground objects. Future observing
campaigns would adjust azimuth ranges to reduce the number of scansets affected by the South Pole Telescope
(SPT) on the same building, which is presently visible around the azimuth range of -10 to -40 degrees at low
elevation.

Choosing the scansets that are less affected by the Sun and ground features, we obtain 336 good scansets
from January-March 2019 schedules and 783 scansets from October-November 2019 schedules. The early 2019

thttps://pla.esac.esa.int/#home
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Figure 3: Coverage plan plotted over the Planck 100 GHz temperature map convolved with the BICEP3 beam.

The magenta cross indicates the location of the center of the Cold Spot, and the concentric circles indicate 7°
and 20° radii regions around the Cold Spot. The circles look distorted due to the flat map projection. The path
of the Sun is marked with a label every 6 days. The black boundary indicates the coverage by BICEP3 with a
set of Cold Spot schedules.
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Figure 4: Observing pattern of a three-day schedule at low elevation range in ground-based coordinates. Hori-
zontal lines indicate the field scans and the vertical lines indicate the bracketing elevation nods. The telescope
scans at a fixed elevation during each scanset. We observe two scansets before changing elevation.

schedules include scansets that are closer to the regular CMB field at higher elevation, while the late 2019
schedules are focused around the Cold Spot (See the boundary in Figure 3). This gives the usable integration
time of about 8 days from the early 2019 data, and 18 days from the late 2019 data.

For regular CMB observation, we use optical star pointing to derive mount pointing parameters that may
change in time. For the summer observation with the mirror on, we cannot run star pointing. For early 2019
data, we corrected boresight pointing by correlating the coadded temperature map with Planck map at various
assumed pointing offsets. For late 2019 data, we performed Moon rasters to use the very well known location of
the Moon to derive parameters of the mirror orientation.
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Figure 5: Pass fraction of detectors after data quality cuts.?? Schedules from different elevation centers with the
same boresight orientation are shown. Detectors perform worse at lower elevation, and they get mostly saturated
and stop working properly below EL of 15°.
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Figure 6: Left: Median per-detector noise spectra for BICEP3 2017 season data and 2019 Cold Spot observation
data, from pair-summed and pair-differenced timestreams. The timestreams are subjected to a third-order
polynomial filtering for each half scan to reject 1/f noise. Right: Histogram of the per-detector per-scanset
noise, applying 3rd-order polynomial timestream filtering and averaged across the 0.1-1 Hz science band. Median
values are marked by vertical dashed lines, respectively. The 2019 Cold Spot data has a median 335 uK,/s, above
the 265 uKy/s from 2017 data.'®

4. DETECTOR PERFORMANCE
4.1 Detector Response

Figure 5 shows the pass fraction of detectors from the early 2019 schedules after data quality cuts.?? Schedules
from different elevation centers with the same boresight orientation are shown. Detectors perform worse at lower
elevation, and they get mostly saturated and stop working properly below elevation of 15°. The current design
of the bolometers are not optimized for this high atmospheric loading condition (see Figure 1).
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Figure 7: Temperature, Q and U polarization maps (Left) and their noise estimates (Right) from BICEP3 early
and late 2019 season Cold Spot observations.?? The scan-direction jackknife maps are used as a proxy to show
noise level.

4.2 Timestream-based NET

The detector performance can be assessed by estimating NET based on timestream data as we showed in previous
proceedings.”> ' For each scanset, we take pair-summed and pair-differenced timestream data and apply data
quality cuts to keep only well-behaving detector pairs. We convert them to CMB temperature by calibrating the
measured temperature map to the 100 GHz Planck temperature map. We take the power spectral density (PSD)
of pair-differenced timestreams across each azimuthal scan and multiply by two to get per-detector estimate
instead of per-pair estimate. The median spectra across all detectors and scansets are plotted on the left panel
of Figure 6. The timestreams are subjected to a third-order polynomial filtering for each half scan to reject 1/f
noise. We find the mean across the usual science band 0.1-1 Hz per detector per scanset and make the histogram
over each data set on the right panel of Figure 6. The noise level is increased in the low elevation observation
centered around 26° elevation compared to a regular season with observing center around 55° elevation. The
2019 Cold Spot data has a median 335 uK./s, above the 265 uK./s from 2017 data.'’

4.3 Maps and Power Spectra

We apply the standard BICEP /Keck Array reduction pipeline® with modifications necessary to process the data
taken with the flat mirror. Figure 7 shows the temperature, Q and U polarization maps and their noise estimates
from the preliminary analysis of the early and late 2019 season Cold Spot observations combined.?? We show
scan-direction jackknife maps as a proxy to noise. The Cold Spot feature is visible in the temperature map
around the right ascension of 50° and declination of —20°. The characteristic + and x patterns of E-modes from
density fluctuations are visible in Q and U maps, respectively. Saturating detectors at low elevation through
large air mass (Figure 5) results in poor map sensitivity at higher declination than the Cold Spot. Therefore,
we need to deal with partial coverage of the area of interest around the Cold Spot for the test of polarization
anomaly.

Figures 8-10 present the results from the late 2019 season Cold Spot observations.?? Figure 8 shows the
E-mode and B-mode maps and their noise estimates, representing the observed modes within 50 < ¢ < 120.
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Figure 8: E-mode and B-mode maps representing the observed modes within 50 < ¢ < 120 from late 2019
season Cold Spot observations (Left) and their noise estimates (Right).?’ Degree scale E-mode is detected at
high signal-to-noise, while B-mode is noise-dominated.
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Figure 9: E-mode (Left) and B-mode (Right) 2D angular power spectra from late 2019 season Cold Spot
observations.?? The depression along the {,~axis is due to large scale filters to remove 1/f noise and ground-
fixed signals. The two peaks in the E-mode spectrum are visible, while the B-mode spectrum is noise-dominated.
The color axes are in different scales for E and B modes.

Degree scale E-modes are detected at high signal-to-noise, while the B-modes are noise-dominated. Figure 9
shows the E-mode and B-mode 2D angular power spectra. The depression along the ¢,-axis is due to large scale
filters to remove 1/f noise and ground-fixed signals. The two peaks in the E-mode spectrum are visible, while
the B-mdoe spectrum is noise-dominated. The color axes are in different scales for E and B modes. We bin the
Fourier modes along the annuli to form 1D angular power spectra, shown in Figure 10. The solid blue curves
are the real observed data, the red solid curves are the simulated observation of five unlensed ACDM signal
realizations, and the black solid curves are five noise realizations obtained by the sign-flip sequence technique.?’
The dashed blue curves are the real observed data minus the mean noise power. The suppression factors are
not applied. We have shown five realizations of input signal and noise that are available at the moment, but we
usually generate 499 realizations for full power spectrum analysis.'! We already see a clear detection of the E
mode power spectrum at these angular scales consistent with ACDM cosmology.

Proc. of SPIE Vol. 11453 114532D-9

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 04 Aug 2021
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



(+1)C;5 / 2n
w
I(+1)C® / 2n
w

2r ol

1 1

0 Z ‘ : : 0 —— //‘\~_\—/\\\

0 100 200 300 400 500 600 0 100 200 300 400 500 600
Multipole , / Multipole , /

Figure 10: E-mode (Left) and B-mode (Right) 1D angular power spectra from late 2019 season Cold Spot obser-
vations.?? The solid blue curves are from the real observed data, the red solid curves are simulated observation
of five unlensed ACDM signal realizations, and the black solid curves are from sign-flip noise realizations. The
dashed blue curves are the real observed data minus the mean noise power. The suppression factors are not
applied. We see clear detection of the E mode power spectrum at these angular scales consistent with ACDM
cosmology.

5. CONCLUSION

In this proceeding, we present the detection of E-modes at high signal-to-noise from BICEP3 low-elevation sky
observations from the South Pole during 2019 summer seasons. The extended coverage was obtained with a
flat mirror to redirect beams and was focused around the CMB Cold Spot to test the polarization anomaly.
We detected standard ACDM E-mode statistics in the observed patch. The investigation around the Cold
Spot may require a more sensitive polarization map to probe the polarization anomaly. With the detectors
optimized for regular CMB observation, the map sensitivity above the declination of the Cold Spot is limited.
The discriminating power from this observation may be weaker than expected by Ref.21 due to various factors:
partial coverage around the Cold Spot, loss of large scale modes by timestream filters, and large noise around the
edge of the observing field near the Cold Spot. Remaining analysis tasks for the map data around the Cold Spot
include jackknife tests to probe potential systematics and proper weighting of noisy map pixels for the hypothesis
test. A design of baffling that can work with the flat mirror is being studied for potential future observation.
BICEPS3 has enormous potential for a wide variety of E-mode science applications at degree angular scales from
the South Pole.
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